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Simulations of alpha particle ripple loss from the
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Calculations of collisional stochastic ripple loss of alpha particles from the new 20 toroidal
field (TF) coil International Thermonuclear Experimental Reactor (ITER) [Plasma Physics
and Controlled Nuclear Fusion Research (International Atomic Energy Agency, Vienna, 1991),
Vol. 3, p. 239] predict small alpha ripple losses, less than 0.4%, close to the loss calcu-
lated for the full current operation of the earlier 24 TF coil design. An analytic fit is obtained
to the ITER ripple data field demonstrating the nonlinear height dependence of the ripple
minimum for D shaped ripple contours. In contrast to alpha loss simulations for the Tokamak
Fusion Test Reactor (TFTR) [Fusion Technol. 21 (1992) 1324], a simple Goldston, White,
Boozer stochastic loss criterion [Phys. Rev. Lett. 47 (1981) 647] ripple loss model is found to
require an increased renormalization of the stochastic threshold ds/dGwB > 1. Effects of
collisions, sawtooth broadening and reversal of the grad B drift direction are included in the

particle following simulations.
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l. INTRODUCTION

Design of the proposed International Thermonuclear Experimental Reactor
(ITER)1,2,3,4 is the culmination of a major cooperative effort to develop fusion science for
world energy resource planning. Recent modification of ITER3 to reduce the number of toroi-
dal field (TF) coils from 24 to 20 would reduce costs, but has given rise to questions about
alpha particle stochastic ripple loss damage to the first wall. In the last few years, the produc-
tion of alpha particles on the Tokamk Fusion Test Reactor (TFTR)® in deuterium-tritium (DT)
experiments® has stimulated numerous new developments in theoretical, modelling and ex-
perimental investigations of fast particle ripple loss on tokamaks’-18. In this paper we sum-
marize detailed calculations of alpha ripple loss in ITER finding ripple losses similar to previ-
ous predictions for full current operation of the 24 TF coil ITER. Details of the as yet uncom-
pleted engineering design are needed to evaluate the first wall heat load.

Section Il describes the simulation methods including development of an analytic fit to
the TF ripple data field. Section Ill presents the results of guiding center code calculations,
including a detailed analysis of collisions and sawtooth effects. In this section, comparison is
made with a simple modell2 for stochastic ripple loss based on the Goldston, White, Boozer
(GWB) criterion19, which has been found useful for analysis of TFTR DT experiments13. A

summary and concluding discussion is given in Section IV.

Il. ITER RIPPLE LOSS CALCULATIONS

Magnetic confinement of thermonuclear plasma ions within a tokamak must be achieved
with a finite number of toroidal field coils. This results in a “broken symmetry”20, a rippled
toroidal field structure, and consequent distortions in fast ion orbits with potentially rapid loss
of affected ions. This “ripple loss” of alphas can result in reduced alpha heating as well as
potentially severe localized wall damage in fusion reactors. The possibility of such serious
problems from alpha particle ripple loss in fusion reactors was first shown by Tani in simula-

tions of the International Tokamak Reactor (INTOR)21. Although the importance of ripple



losses was pointed out by Tani, White22,23 and others over a decade ago, it is only with the
development of recent advances in computation that detailed simulations of this type have
become practical.

Putvinski3 estimated such losses for ITER with 24 TF coils, concluding that alpha
ripple losses would not be a serious problem, being less than a few percent for 12 MA and
less than 0.63% at full current, 24 MA. The maximum wall load due to alpha loss was esti-
mated to be 1IMW/m2. The simulations presented here are for the 21 MA, 20 TF coil ITER
design, and are based on comprehensive, selfconsistent TRANSP simulations24 of two testbed
ITER scenarios on which this and other theoretical and modelling studies have been focussed.
The 24 TF coil design had maximum TF ripple 2.1%, reduced to 1.8% for the 20 TF coll
design3.

In the last few years, the ORBIT Hamiltonian coordinate22 guiding center code23 has
been used extensively to quantitatively evaluate TF ripple losses for TFTR alpha particles13,14
and to renormalize a simple model for stochastic ripple losses within the TRANSP code12,25,
It was found for TFTR that collisions are far more important than had been expected, with
pitch angle scattering during the alpha particle slowing down time causing losses to be about
twice those estimated without collisional effects. The effect of including both ripple and colli-
sional physics in the simulations was seen to be highly nonlinear, with synergism S defined
as the loss with ripple and collisions divided by the sum of the losses obtained with ripple
alone and with collisions alone. For TFTR it was found that S ~ 2 for both neutral beam ions
and for alpha particles. A simple linear superposition of loss rates was found inadequate. A
similar approach has been taken here for the 20 TF coil ITER design, with collisional effects
included in detail.

ITER equilibria were obtained with the PEST code26 using pressure and q profiles
from TRANSP24, based on cases in the ITER database obtained from D. Boucher, ITER
Joint Central Team (JCT), San Diego, CA. Two ITER scenarios were studied, one with mod-
erately peaked density profiles (scenario I) and one with flat profiles (scenario Il). Figure 1

shows the equilibrium for ITER scenario | and maximum TF ripple contours. TRANSP simula-



tions of ITER also provided alpha source profiles, before and after sawtooth broadening, as

well as collision rates for use in ORBIT.

Il.LA ITER toroidal field ripple model
The tokamak toroidal field (TF) ripple is defined as
5= (BMAX - BMIN)/ (BMAX + BMIN),

where BMAX and BMIN are the maximum and minimum field magnitudes at constant major
radius and elevation. The TF ripple data field (Fig. 2) provided by the ITER JCT design team
was fit to a simple analytic function by minimizing x2. (Recall that for a function fit to a set of
data, X2 is defined as x2 =X (Fj - fj)2 /fi, where Fj and fj are the values of the function and
the data respectively at the ith point.

Earlier work for TFTR27 was followed, choosing the analytic form for the TF ripple as

5 (R,2) =30 exp{[(R-R0)2 + br z2]0-5/wy}
where by is the ellipticity, wr is the scale length of the ripples, &g is the minimum value of the
ripple field, and Rp is the radius at which this minimum occurs for Z= 0. The ripple field
strength increases exponentially with the horizontal distance from the vacuum vessel center,
R, and with vertical distance from the midplane, Z.

In contrast to TFTR, a plot of (R) for several values of Z (Fig. 3) shows that R
depends on Z, being symmetric about Z = 0 and essentially parabolic, Rg = a + bZ2. The best
approximation to these points was found to be Rg = 6.75 - 0.034Z2. x2 was minimized for
the function In2 (J(R, Z) / 30) = [(R - Ro(2))2 + by Z2] /wi2. Values of by and wy were
obtained for the best linear combination of [(R - Rg(Z))2+b;z2] / w2
corresponding to values of dg. This procedure was carried out until the g that produced a
minimum for X2 was found. The minimum value of x2, 0.00334, occurs when dp =3.75x 10"
6, with wy and by being 0.535 m and 0.268, respectively. Comparisons between the data and
the analytic fit at the midplane, Z=0, versus major radius and at R = 10.75 m versus height

are shown in Fig. 4.



II.B Guiding center code simulation parameters

Initially, Monte Carlo simulations with the PEST equilibrium and the analytic TF ripple
field were carried out for 256 alpha particles of birth energy 3.5 MeV. Simulation parameters
were major radius 8.14 m, minor radius 2.8 m, plasma current 21 MA, toroidal field 5.7 T at
Rm = 8.48 m and edge g of 3.3. The alpha particle source profiles were calculated by
TRANSP from simulation of DT fusion, with prescribed D and T profiles and a simple Kadomtsev
sawtooth model24.

For scenario | two different alpha source profiles occur in the TRANSP simulations: a
peaked, pre-sawtooth profile and a flat, sawtooth-broadened profile (Fig. 5). Particles are
distributed primarily according to the pre-sawtooth profile, although periodically a sawtooth
broadened profile of short duration is seen, due to the magnetohydrodynamic (MHD) sawtooth
instability. The pre-sawtooth profile is modelled by the function (1 - |x|)3 with x=r/a, the nor-
malized minor radius at the midplane, and the sawtooth broadened profile is modeled in two
ways: (a) with a combination of two Heaviside functions [H(x) - H(0.7-x)], and (b) with a trap-
ezoid whose diagonal side extends from 0.5 r/a to 0.7 r/a; no particles outside r/a = 0.7 in
either case. As results of simulations for both types of sawtooth broadened profile models
were similar; only simulation results from the first sawtooth broadened profile model (a) are
discussed.

The simulations included pitch angle scattering and collisional slowing down. Collision
rates used were vperp® =0.126 sec-1l and vg® =5.0 sec-1, corresponding to radially con-
stant energy diffusion and energy loss rates. The toroidal transit time for an alpha particle at
the magnetic axis with pitch A=vy/v=1, was 3.92 pseconds. Typical simulations followed

particles for 51,000 toroidal transit times

lll. RESULTS AND DISCUSSION
lll.A. Simulations of scenarios | and Il
Guiding center code simulations of ITER scenario | with presawtooth alpha profile

showed no losses of the 256 particles followed, for simulations including collisional pitch



angle scattering over one alpha slowing down time. Monte Carlo errors in the particle loss
calculations are approximated by n0-3/nT where n is the number of particles lost and nT is
the total number of Monte Carlo particles followed. When simulations yield no particles lost,
the error will be less than calculated for one lost particle (+/- 0.4%), and an upper bound to
alpha ripple losses is ~0.4% in the new design.

Sawtooth broadening of the alpha profile in scenario | led to small alpha losses. Two
particles of 256 were lost, corresponding to 0.8% +/- 0.6% and power losses of 0.7%. The
physics of the sawtooth instability is an active area of present research with the details of the
sawtooth magnetic field reconnection and its effect on the fast particle distribution function not
yet known. Some general conclusions can be reached from present modelling as well as
from observation of tokamak experimental data. Transport simulations of ITER24.28 show
that the alpha profile is sawtooth broadened for only a small fraction of the ITER pulse length.
Because of the very short duration of sawtooth broadened alpha profiles in experiments and
in present models of the sawtooth instability, the pulse averaged energy losses will be virtu-
ally unaffected by the existence of sawteeth and so described by the upper bound 0.4%.

Simulations were also carried out for the alternate ITER equilibrium scenario Il based
on very flat profiles26. As for the first ITER scenario with peaked profiles, a PEST equilibrium
was obtained and 256 alpha particles from the TRANSP sawtooth average alpha source
profile were followed with collisions for one slowing down time. The profile for this scenario,
for which Rm = 8.39 m, was modelled with a trapezoidal profile flat to r/a = 0.4, decreasing
linearly to zero at r/a = 0.7. The slowing down and pitch angle scattering times are similar to
those for scenario |, as are the alpha profiles outside r/a = 0.3. No losses were simulated for
scenario Il so that as for scenario | alpha particle energy losses are < 0.4%.

ORBIT simulations were also carried out for alpha losses from the sawtooth broad-
ened ITER scenario I, with reversed direction of toroidal field. Reversal of toroidal field re-
verses the direction of the ripple trapped grad B drift. Ripple trapping losses are expected to
occur during the first 25 toroidal transits, about 100 psec with reversed direction of toroidal

field corresponding to upward grad B drift. Four particles were lost by upward ripple drifts,



with reversed grad B drift, corresponding to (0.8)1.6% (power)patrticle losses. Engineering
estimates of damage to the top of the vacuum vessel arising from ripple trapped alphas, not
driven by toroidal Alfven eigenmodes (TAE), MHD or application of rf, can assume such losses

are not greater than 1% with reversed toroidal drift direction.

I11.B Renormalization of stochastic threshold

Goldston, White and Boozerl9 have derived a widely used criterion for the occurence

of stochastic ripple loss. A threshold is defined as

s =(e/(NTq)LS (1/pq)
where € = inverse aspect ratio, N = number of coils, q is the plasma safety factor,
q =dg/dr and p is the ion Larmor radius. Trapped ions whose turning point lies in a region
where the TF ripple & exceeds the threshold ds are subject to stochastic ripple diffusion. This
formulation neglects the effects of toroidal precession, collisions, banana width and up/down
asymmetry.

A simple Goldston White Boozer criterion model was recently installed in the TRANSP
codel2, which was compared to ORBIT simulations of TFTR leading to a renormalization of
dsTFTR = 0.5 3gwaB. This renormalization compensates for the GWB model’s simplification
of the physics, and is thought to be driven primarily by toroidal precession and the large alpha
particle banana widths in TFTR.

To renormalize the stochastic ripple loss model for ITER, losses from ORBIT and
TRANSP simulations of scenario | are compared in Fig. 6. ORBIT energy loss for 256 par-
ticles was 0 +/- 0.4%. TRANSP model calculations led to 1.5 +/- 1% alpha energy ripple
losses for &g = dG\WB and to 2.5 +/- 1% losses with s = 0.5 dGgWwB. Error bars on the
TRANSP results are due to Monte Carlo statistics of the 1000 alpha particles simulated.
While a spline fit to the TRANSP data points intersects the maximum loss from the ORBIT
simulations at threshold renormalization factor ~ 4, considering the large error bars, we can
say only that 3sITER > 3g\wgB. The unrenormalized GWB threshold might have been ex-

pected for the small banana width of alpha particles in ITER, however it appears that the



threshold criterion is higher even with the strong asymmetry of the ITER equilibrium and
ripple field. White has recently developed an improved treatment of the stochastic loss crite-
rion which includes precession and is generalized for up/down asymmetry29.

The earlier 24 TF coil ITER design had higher TF ripple ranging from 2.1% to 1.5% at
the plasma boundary associated with alpha ripple losses of 0.63%. Reducing N increases the
threshold dGgwB and for the same TF coils would also increase d. In the 20 TF coil ITER
design, the TF ripple has been reduced to less than 1.8% everywhere within the plasma, so

that alpha particle stochastic losses are less.

I1l.C. Heat load estimate

Janeschitz4 discusses many aspects of the new 20 TF coil design, including the heat
load for which the first wall is designed (0.5 MW/m2). The heavily armored toroidal belt limiter,
to be used for startup and shutdown, which is designed for 5.0 MW/mZ is located more than
3 meters below the magnetic axis height. The belt limiter would not protect the vacuum vessel
from ripple lost alphas just below the midplane.

We estimate the heat load for maximum alpha ripple losses of 0.4%. With a poloidal
extent of about 30 degrees, the footprint of the alpha ripple loss will be 21t (11m)(3m) ~ 100mZ2.
Recent beta limit considerations for ITER limit the fusion power excursions to 1.8GW30. we
estimate the maximum alpha ripple loss heat load by 0.4% of the 1800 MW fusion power,
reduced by 5 for the alpha fraction, divided by the impact area 100 m2, giving ~ 0.01 MW/mZ2.

The wall heat load may be increased by effects of MHD and TAE enhanced losses in
addition to a toroidal wall heat load peaking factor. For the 24 TF coil ITER, the effects of
MHD and TAE enhanced losses were estimated to increase alpha losses and wall heat load
by a factor of two, while an effective peaking factor (see below) increased the alpha wall
maximum heat load by another factor of ten3.

The toroidal peaking factor will be above 1 because of i) possible misalignment of

tiles, even 2mm may be significant18.31; i) radial movement of the field line itself due to TF



ripple since the field line will bow out between the TF coils; and iii) the edges of the ports near
the midplane, which would intercept alpha loss otherwise distributed over the port area. Clever
first wall design can eliminate or protect against these effects, knowing how much and where
alpha loss is expected.

For 24 TF coils, estimates of 0.63% and 2.14% alpha ripple loss were made for opera-
tion at 24 MA and 12 MA respectively3. If the low/high current loss ratio is scaled to 20 TF
coils, we would also expect about 2% alpha ripple loss at low current. The reverse shear,
advanced performance ITER design corresponds to similarly low plasma current32 and will
need careful first wall design when the effects of TAE, MHD and toroidal heat peaking factors

are included.

V. CONCLUSION

Calculations of collisional stochastic ripple loss of alpha particles from the new 20
toroidal field coil ITER predict less than 0.4% alpha losses at 21 MA. This is close to the loss
previously calculated for the 24 TF design at full current. Simulations included effects of
sawtooth broadening, flattened H-mode profiles and pitch angle scattering over the alpha
slowing down time. Slightly higher ripple trapping losses (2 +/- 1%) were found for reversed
direction of the toroidal field. A good analytic fit was obtained to the ITER ripple data field over
the plasma cross section. In contrast to simulations of alpha particles for TFTR, the Goldston,
White, Boozer criterion for ripple loss with increased renormalization factor ds/dGwWB > 1
gave results in agreement with guiding center simulations of ITER.

Potentially serious wall damage issues appear to be avoidable for the 20 TF coil ITER,
if the first wall is carefully designed to allow for predicted levels of alpha ripple loss and wall
heating and if MHD and TAE enhanced loss is suppressed. Results of these and additional
simulations at low current must be integrated with details of the uncompleted engineering
design especially incorporating increased heating due to misaligned tiles or port edges, to

determine the first wall heat load.
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List of Figures

Fig. 1. ITER equilibrium for scenario | with TF ripple contours.

Fig. 2. ITER ripple data field.

Fig. 3. Minimum ripple radius Rg versus R.

Fig. 4. Ripple data and fit at a) Z=0 and b) R=10.75m.

Fig. 5. Alpha particle source profiles generated by the TRANSP code, showing pre-sawtooth
and sawtooth broadened profiles for scenario I.

Fig. 6 Alpha particle energy ripple loss calculated with GWB criterion model in TRANSP as a
function of inverse renormalization factor [5s/dgwg]-1. The maximum loss from ORBIT guid-

ing center simulations is shown.
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